Abstract In order to evaluate latitudinal differences in the relationship of phytoplankton biomass and diversity with environmental conditions in shallow lakes, we sampled 98 shallow lakes from three European regions: Denmark (DK), Belgium/The Netherlands (BNL) and southern Spain (SP). Phytoplankton biomass increased with total phosphorus (TP) concentrations and decreased with submerged macrophyte cover across the three regions. Generic richness was significantly negatively related to submerged macrophyte cover and related environmental variables. Zooplankton:phytoplankton biomass ratios were positively related to submerged macrophyte cover and negatively to phytoplankton generic richness in DK and BNL, suggesting that the low generic richness in lakes with submerged macrophytes was due to a higher zooplankton grazing pressure in these regions. In SP, phytoplankton generic richness was not influenced by zooplankton grazing pressure but related to conductivity. We observed no relationship between phytoplankton generic richness and TP concentration in any of the three regions. The three regions differed significantly with respect to mean local and regional generic richness, with BNL being more diverse than the other two regions. Our observations suggest that phytoplankton diversity in European shallow lakes is influenced by submerged macrophyte cover indirectly by modulating zooplankton grazing. This influence of submerged macrophytes and zooplankton grazing on phytoplankton diversity decreases from north to south.
Introduction
In most freshwater ecosystems, the biomass of phytoplankton tends to increase with increasing total phosphorus (TP) concentrations (e.g. Prairie et al., 1989; Basu & Pick, 1996) . In shallow lakes, the relationship between phytoplankton biomass and TP concentrations is influenced by submerged macrophytes. At a given TP level, meso-to eutrophic shallow lakes may have either low or high phytoplankton biomass depending on the presence or absence of well-developed submerged macrophyte vegetation (Scheffer et al., 1993) . This is because submerged macrophytes in shallow lakes can form a dense vegetation that controls phytoplankton biomass through several mechanisms, including allelopathic interactions (Gross, 2003) , nutrient limitation (Van Donk et al., 1993) , shading and providing of a refuge for zooplankton that can control phytoplankton by grazing (Timms & Moss, 1984; Schriver et al., 1995; Burks et al., 2002) . Recent studies indicate that zooplankton body size becomes smaller (Gillooly & Dodson, 2000) and that the zooplankton:phytoplankton biomass ratio declines from cold to warm lakes, likely due to enhanced fish predation (Lazzaro, 1997; Gyllström et al., 2005; Jeppesen et al., 2007a; Havens et al., 2009) , and that the refuge capacity of submerged macrophyte for zooplankton is lower in warm lakes where fish are very abundant in the vegetation (Meerhoff et al., 2007a, b; Teixeira-de Mello et al., 2009) .
In many ecosystems, including also aquatic ecosystems, biodiversity is closely related to nutrient concentrations (Hillebrand et al., 2001) . For Danish, mainly shallow lakes, Jeppesen et al. (2000) observed a unimodal relationship of phytoplankton diversity to TP, peaking at intermediate to high concentrations (100-400 lg P l -1 ) and being low at low TP where macrophytes are abundant. In a study of a set of interconnected shallow lakes in Belgium, Vanormelingen et al. (2008) found no relationship of phytoplankton diversity with nutrient concentrations, but a negative relation with submerged macrophytes cover. Kruk et al. (2009) also found no relationship of phytoplankton diversity to TP in a set of 18 lakes in subtropical Uruguay, but observed a positive relationship to percentage of plant volume infested (PVI, sensu Canfield et al., 1984) of submerged macrophytes. Kruk et al. (2009) hypothesized that the difference in the relation between phytoplankton diversity and submerged macrophytes might be due to the much higher density of submerged macrophytes in tropical lakes, suggesting that macrophytes might have a negative influence on phytoplankton diversity at low macrophyte cover but a positive influence at very high macrophyte cover. It is known that grazing pressure may affect phytoplankton biomass and diversity in shallow lakes (Schriver et al., 1995; Søndergaard & Moss, 1998) and that submerged macrophytes influence grazing pressure in temperate but much less in tropical shallow lakes (see above). Whether the difference in effects of macrophytes on phytoplankton diversity among the temperate and subtropical lakes can be related to differences in zooplankton grazing pressure remains unresolved.
The goal of this study was to relate TP and submerged macrophytes with phytoplankton biomass and diversity along a European latitudinal gradient, and to evaluate the role of zooplankton grazing on these relationships. We studied phytoplankton biomass and generic richness in 98 shallow lakes from three European regions (Denmark, Belgium/The Netherlands and Spain). In shallow lakes, submerged macrophytes tend to be more common in low TP lakes than in high TP lakes. To allow us to independently assess the effect of TP and submerged macrophytes on phytoplankton diversity, lakes were selected in such a way that submerged macrophyte cover would vary independently from TP concentrations (Declerck et al., 2005) . The data collected also permitted us to evaluate whether latitudinal differences in phytoplankton diversity exist in Europe. Although ample literature exists on latitudinal variation in diversity of many groups of organisms (e.g. Rohde, 1992) , remarkably few studies have investigated latitudinal variation in diversity of phytoplankton.
Methods

Selection and sampling of lakes
Selection and sampling of the shallow lakes for this study were carried out within the framework of the EU project BIOMAN (De Meester et al., 2006) . Data in the different regions were collected by different research teams. Rigid working protocols were established and workshops and intercalibration exercises were carried out to standardize the methods and level of expertise. Shallow lakes were defined as lakes with a mean depth \3 m and a maximum depth of 5 m. Shallow lakes were sampled in three European regions located at different latitudes: Denmark (DK, n = 32, 55°48 0 -56°27 0 N), Belgium/The Netherlands (BNL, n = 34, 50°48 0 -52°41 0 N) and southern Spain (SP, n = 32, 36°10 0 -39°25 0 N). Half of the lakes in each region were sampled in 2000, the other half in 2001. Lakes in the three regions were selected to be as similar as possible with respect to chemical characteristics (salinity, acidity, alkalinity, humic substances, and iron content). The lakes sampled were approximately evenly distributed over four categories defined by two factors: high or low TP content ([or \100 lg l -1 TP) and high or low cover of submerged macrophytes ([ or \20% of the lake area surface covered). This sampling strategy allowed us to independently evaluate the effect of phosphorus and submerged macrophytes on phytoplankton generic richness. Cover by submerged macrophytes varied independently of the TP concentration in the regions BNL and SP (Pearson correlation: BNL: r = -0.09, P = 0.624, SP: r = -0.27, P = 0.122), but was significantly negatively correlated with TP in DK (Pearson correlation: r = -0.43, P = 0.014).
To integrate temporal and spatial variability within each lake, the lakes were sampled repeatedly monthly during 6 months throughout the summer half-year and water was pooled from eight (lakes \5 ha) or 16 (lakes [5 ha) randomly chosen locations within each lake. At the end of the sampling season, samples from different months were mixed at equal volumes to yield one composite sample that was analysed for phytoplankton diversity. In densely vegetated or very shallow lakes, sampling phytoplankton using traditional samplers like Van Dorn or integrated samplers might lead to inclusion of periphytic and benthic micro-algae in the phytoplankton samples. Therefore, we used a large syringe connected to a flexible silicone tube (3 mm diameter) to collect a subsurface water sample without disturbing the benthos and periphyton. Zooplankton was collected by filtration of 15 l through a 64 lm mesh. Many Spanish lakes, however, were characterized by very low crustacean zooplankton densities and for this region larger samples were often taken (up to 45 l). Zooplankton was fixed with Lugol's solution (4%). Samples for both phytoplankton and zooplankton were fixed with acid Lugol's solution and stored in dark.
On each sampling occasion, temperature, conductivity, pH and Secchi depth were measured at a fixed location in each lake. Suspended particulate matter (SPM) was each month determined gravimetrically by filtering a known volume of water onto a preweighed GF/F filter. Total nitrogen (TN) and TP were measured on pooled monthly samples that were stored frozen. Submerged macrophyte cover was determined when macrophyte biomass was maximal (June in SP, July in BNL and August in DK). Submerged macrophyte cover was determined at a series of points distributed evenly along a set of randomly chosen transects across the lake. The number of transects and the number of points per transect varied with lake size (10 transects of 50 points in lakes \5 ha to 20 transects of 150 points in lakes[20 ha). Fish were sampled during late summer in the littoral as well as the open water using nylon gill nets with differing mesh sizes. For more detailed descriptions of the sampling protocols we refer to Declerck et al. (2005) .
Analysis of samples
Phytoplankton was identified and enumerated using inverted microscopy. Samples from each region were analysed by a different scientist, but genus lists and identification were thoroughly compared between the scientists involved to avoid bias when comparing diversity between the three regions. In each region, identification was to at least genus level and genus level is therefore used in the analysis. To evaluate the effect of such a reduced taxonomic resolution, identification in DK was carried out to species level as well. We found that generic richness was a good predictor of species richness in DK (linear regression: n = 32, F = 715, P \ 0.001, Fig. 1 ) and species richness was on average 16% higher than generic richness. We therefore assume that generic richness is a valuable surrogate for species richness. To ensure saturation of the collector's curve and an accurate estimate of generic richness, minimum 200 individuals (cells, colonies or coenobia) were counted and counting was continued until no new genera were found among the last 50 individuals inspected. To estimate the biomass of individual phytoplankton genera, 10 cells or colonies or all cells or colonies (if \10 cells or colonies were observed during the count) were measured per sample and biovolume was calculated. Biovolume data were converted to biomass (in C) using published carbon-volume regressions (Menden-Deuer & Lessard, 2000) . Zooplankton was counted and identified to species level with a stereomicroscope. Density estimates of zooplankton populations were converted to dry weight biomass using published length-weight regression relationships.
Data analyses
ANCOVA analyses were used to relate phytoplankton biomass and generic richness (dependent variables) to environmental variables (continuous predictive variables or covariates) across the three regions while correcting for differences between the regions (categorical predictive variable). Environmental variables tested were submerged macrophyte cover, TP and TN concentrations, conductivity, pH, suspended particulate matter concentrations (SPM), Secchi depth, fish biomass and lake area. To evaluate whether phytoplankton generic richness was influenced by zooplankton grazing pressure, ANCOVA was also used to investigate the influence of submerged macrophytes on zooplankton grazing pressure as well as the influence of this grazing pressure on phytoplankton generic richness. To evaluate the influence of submerged macrophyte cover on zooplankton grazing and the influence of zooplankton grazing on phytoplankton generic richness, the grazing pressure of zooplankton on phytoplankton was estimated from the ratio of zooplankton biomass over phytoplankton biomass (cf. Jeppesen et al., 1994) . In the ANCOVA analysis, we were primarily interested in consistent effects of the environmental variables across the three regions. Therefore, homogeneity of slopes test was carried out prior to the ANCOVA analysis to test whether the slope of the relation between an environmental variable and phytoplankton biomass or generic richness was comparable in the three regions. Pearson correlation coefficients were calculated to investigate the relationship between environmental variables and phytoplankton biomass or generic richness within each region. To ensure normal distribution of the data, TP and TN concentration, conductivity, phytoplankton biomass, grazing pressure, SPM, Secchi depth and lake area required log 10 -transformation, while submerged macrophyte cover required double square-root transformation.
To evaluate whether generic richness differed between the three regions, mean local and regional generic richness were compared. Mean local generic richness was compared between the three regions using one-way ANOVA with Scheffé's post-hoc test. Regional generic richness was defined as the total number of genera found in each region. To evaluate whether a sufficient number of lakes were investigated to determine regional generic richness, a collector's curve was constructed. For 50 randomly chosen lake sequences, the mean cumulative number of genera found was plotted against the number of lakes sampled and a two-parameter hyperbola of the form S ¼
S max Án
Bþn was fitted to the data (Clench, 1979; Colwell & Coddington, 1994) . The regression allowed us to estimate the maximum regional richness S max (the asymptotic value of S) and parameter B (the average number of lakes that would need to be sampled to yield half of the maximum regional richness). Student's t statistic was applied to the standard errors of the regression coefficients to test for significant differences in S max and B between the regions.
Results
ANCOVA analyses indicated that phytoplankton biomass was significantly positively related to TP and negatively to submerged macrophytes ( Fig. 2 ; Table 1 ). Homogeneity of slopes tests and Pearson correlation coefficients indicated that the relation of phytoplankton biomass with submerged macrophyte cover was consistent across the three regions. The positive relation with TP was consistent across the three regions, but was only significant in BNL and SP according to Pearson correlation coefficients. Phytoplankton biomass was also significantly positively related to SPM and negatively to Secchi depth in each region (Table 1) . Pearson correlation coefficients indicated that phytoplankton biomass was positively related to TN and fish biomass in BNL. There was no significant relation with conductivity, lake area or pH.
A total of 106 phytoplankton genera were encountered in the lakes from the three regions (Table 2) . A higher number of genera was found in BNL (85 taxa) than in DK (66 taxa) and SP (63 taxa). In the three regions, the collector's curve fitted well to a two-parameter hyperbola ( Fig. 3; Table 3 ). The , log) and submerged macrophyte cover (%, double square root), total phosphorus concentration (lg l estimated maximum regional generic richness was significantly higher in BNL than in DK and SP. Estimated maximum regional generic richness was also significantly higher in DK than in SP, but the difference was very small (5 taxa). The number of genera encountered per lake varied between 5 and 45. Mean generic richness per lake was significantly higher in BNL (24.6 genera) than in DK (14.1 taxa) and SP (15.4 taxa) and did not differ between DK and SP (ANOVA P \ 0.001, Scheffé's post-hoc test:
ANCOVA analyses indicated that generic richness was significantly negatively related to submerged macrophytes but not to TP (Fig. 4; Table 1 ). The homogeneity of slopes test and Pearson correlation coefficients showed that the negative relationship with submerged macrophytes was significant in all regions. Pearson correlation coefficients did indicate a positive relationship with TP concentrations in BNL. Phytoplankton taxon richness was also significantly negatively related to Secchi depth and positively to SPM and fish biomass in DK and BNL (Table 1) . We also observed a positive relation of phytoplankton diversity with lake area and pH in DK and a negative relation with conductivity in SP.
According to ANCOVA analyses, the estimated zooplankton grazing pressure was significantly positively related to submerged macrophyte cover, while phytoplankton generic richness was negatively related to zooplankton grazing pressure ( Fig. 5 ; Table 4 ). Pearson correlation coefficients indicated that these relationships were significant in DK and BNL, but not in SP.
Discussion
The number of phytoplankton genera found per lake differed significantly between the three regions and was higher in BNL than in the DK and SP regions. The total number of genera found in a region was also higher in BNL than DK and SP. These differences in regional and mean local generic richness were quite large and equalled variation in local generic richness within each region. Because samples from each region were analysed by different scientists, this may potentially be the result of analysis biases. However, this seems unlikely because identification was at the genus level and is therefore not expected to be influenced by the level of expertise of the scientist. Moreover, species lists and identifications were carefully compared between the scientists. The lower diversity in the DK region might therefore be related to a shorter growing season at higher latitudes. In benthic diatom assemblages in polar lakes, diversity increases with the length of the growing season because more complex assemblages develop during long growing seasons (Smol, 1988; Michelutti et al., 2002) . In the SP region, the low diversity may be due to the higher conductivity, which may result in osmotic stress. It is well-known that osmotic stress may cause a decline in phytoplankton diversity in lakes with high conductivity (e.g. Williams, 1998; Padisák et al., 2003) . Alternatively, long periods with high temperatures may lead to stable environmental conditions, which results in a decrease in diversity due to competitive exclusion of most taxa from the community (Sommer et al., 1993; Naselli-Flores et al., 2003; Becker et al., 2008) . These latitudinal For each region, the percentage of lakes in which the genus was found is given Hydrobiologia (2010) 653:79-90 85 differences in generic richness and the underlying factors require further investigation. Phytoplankton biomass was negatively related to submerged macrophyte cover across the three regions and positively to TP concentrations in BNL and SP. Phytoplankton biomass was related to other environmental parameters that are related to submerged macrophytes cover (Secchi depth, SPM, fish biomass) or nutrient loading (TN concentration). This is in agreement with many previous studies indicating that both macrophytes and nutrients affect phytoplankton biomass in shallow lakes (Scheffer et al., 1993) . The correlation of phytoplankton biomass with submerged macrophytes was strongest in the northernmost region and weakest in the southernmost region, suggesting an effect of latitudinal position on the relationship between submerged macrophytes and phytoplankton biomass. This concords with the recent findings that the effect of submerged macrophytes on phytoplankton is weaker in subtropical than in temperate shallow lakes (Bachmann et al., 2002; Jeppesen et al., 2007b; Meerhoff et al., 2007a, b) .
Generic richness was negatively related to submerged macrophyte cover and environmental factors closely related to submerged macrophyte cover (Secchi depth, SPM, fish biomass) across the three regions. Submerged macrophytes in shallow lakes suppress phytoplankton through several direct and indirect mechanisms, and these pressures on phytoplankton may not only influence phytoplankton biomass but also limit the number of taxa in the community. Among other factors, the high grazing pressure in lakes with a high submerged macrophyte cover may result in a decrease in phytoplankton diversity. According to a meta-analysis of herbivore effects on primary producers across different ecosystems, herbivores generally cause a reduction in primary producer diversity in aquatic ecosystems (Hillebrand et al., 2001) . This is ascribed to the large body-size ratios between grazers and primary producers in aquatic systems, which results in a low selectivity of the herbivores to their prey. In shallow lakes with submerged macrophytes, large zooplankton, like Daphnia, feed on a wide size range of phytoplankton (Hall et al., 1976) and can exert a strong grazing pressure on phytoplankton (Schriver et al., 1995) . They can reduce diversity by causing a shift towards small fast growing cells or large cells that are too big to ingest, both groups representing a reduced spectrum of species. A high grazing pressure is known to result in lower phytoplankton diversity (Padisák, 1993; Krasznai et al., 2010) . In a mesocosm experiment investigating the influence of submerged macrophytes on phytoplankton diversity, submerged macrophytes had a positive influence on diversity (Declerck et al., 2007) . In that experiment, zooplankton grazing pressure did not differ significantly between treatments with and without macrophytes due to the absence of fish (Vanderstukken et al., 2010) . However, in a similar experiment where the influence of Daphnia was isolated that of submerged macrophytes, Daphnia was found to reduce diversity For each regression, parameters S max and B are given together with their 95% confidence interval. The r 2 value for the regression model is given for each region by inducing a shift in the community towards almost complete dominance by cryptophytes (Vanderstukken et al., submitted) . We estimated the grazing pressure of zooplankton on phytoplankton using the zooplankton:phytoplankton biomass ratio. In DK and BNL, the zooplankton:phytoplankton biomass ratio was indeed positively related to submerged macrophyte cover, and generic richness decreased at higher zooplankton: phytoplankton biomass ratios.
The negative relationship between generic richness and submerged macrophyte cover is in contrast with observations in South American shallow lakes, where a positive relationship was observed (Kruk et al., 2009 ). This discrepancy may be due to the fact that large grazers like Daphnia are rare in subtropical lakes (Gillooly & Dodson, 2000; Havens et al., 2009) , likely due to high predation from fish. The influence of herbivores on the plankton community is, consequently, weaker in subtropical lakes (Jeppesen et al., , 2010 Meerhoff et al., 2007a , b, Havens et al., 2009 ). This lower importance of large grazers in warm climates may also explain why the relationship between macrophytes and phytoplankton generic richness in our study was the weakest in the southern-most region (SP). Moreover, in SP, no significant relationship was observed between the zooplankton:phytoplankton biomass ratio and submerged macrophyte cover or between generic richness and the zooplankton:phytoplankton biomass ratio. Daphnia abundance was also significantly lower in SP than in the other two regions (ANOVA: F = 6.41, P = 0.002). In SP, conductivity appeared to have an influence on phytoplankton generic richness (see above). Due to the carbonate-and sulphate-rich watersheds of the lakes in SP, conductivity was in general high in the SP lakes. Despite the influence of TP on phytoplankton biomass, generic richness was not significantly related to TP concentrations. This is in contrast with studies from other aquatic ecosystems, where diversity is often found to be positively related to TP concentrations (Hillebrand et al., 2001 ). This suggests that in shallow lakes submerged macrophytes exert a stronger influence on phytoplankton diversity than TP. TP, however, may indirectly influence phytoplankton diversity in shallow lakes because the probability of having a vegetated state decreases with increasing TP concentration (e.g. Moss, 1990; Scheffer et al., 1993; Janse, 1997) . This may indirectly lead to a positive relationship between TP concentrations and phytoplankton diversity. In our study, however, lakes were selected such that the TP concentration varied independently from submerged macrophyte cover. In a set of 76 Danish randomly selected shallow lakes, Jeppesen et al. (2000) observed an increase in phytoplankton diversity with TP concentration over a comparable range of TP concentrations as covered in our study. Possibly, the increase in diversity with TP observed by Jeppesen et al. (2000) was in part explained by a concomitant decrease in submerged macrophyte cover.
In conclusion, our results revealed a negative effect of submerged macrophytes on phytoplankton generic richness in shallow lakes from three European regions, but no direct effect of nutrients. At least in the two regions at higher latitudes, the relation between generic richness and zooplankton:phytoplankton biomass ratios suggests that the negative influence of submerged macrophytes on generic richness may be mediated by herbivory in the presence of macrophytes. The negative effect of macrophytes on phytoplankton contrasts with the positive effect of macrophytes on Relationship between zooplankton grazing pressure (ratio, log) and submerged macrophyte cover (%, double square root) and between phytoplankton generic richness and grazing pressure (ratio, log) in the regions Denmark (DK), Belgium/The Netherlands (BNL) and Spain (SP) other organisms (Declerck et al., 2005; De Meester et al., 2006) . Our results also suggest that similar lakes at different latitudes may differ substantially in regional and mean local phytoplankton generic richness.
